Wave-shaped Si crystal wafers obtained by plastic deformation and preparation of their solar cells by 中嶋  一雄
Wave-shaped Si crystal wafers obtained by
plastic deformation and preparation of their
solar cells










Wave-shaped Si crystal wafers obtained by plastic deformation
and preparation of their solar cells
Kazuo Nakajima,a) Kozo Fujiwara, and Wugen Pan
Institute for Materials Research, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan
(Received 27 July 2004; accepted 18 October 2004)
We can prepare wave-shaped crystal wafers by the plastic deformation of Si crystal wafers, and we
report on the characteristics of solar cells fabricated using the wave-shaped Si wafers, in order to
demonstrate whether the shaped wafers are of high quality to be used in the preparation of devices
or not. To obtain wave-shaped Si wafers, graphite dies were used. The diameter of the convex and
concave waves formed in the dies is 4 mm. The Si wafers were pressed by an overload of 200 N.
A thickness versus temperature region for obtaining well wave-shaped Si wafers by plastic
deformation was determined. Solar cells were prepared using wave-shaped wafers pressed at 1100
and 1200 °C. The wafers were annealed at 1109 and 1209 °C, respectively, for 1 h in a hydrogen
atmosphere. The conversion efficiency of the wave-shaped solar cells is 6.0%–10.1%. Thus, it is
clarified that the wave-shaped wafers are of high quality to be used in the preparation of devices.
The quality of the wafers can be significantly improved by suitable thermal treatments. ©2004
American Institute of Physics. [DOI: 10.1063/1.1834719]
Most Si-based optical and electronic devices have been
prepared from Si flat wafers because it was believed that Si
crystal wafers cannot be freely deformed to obtain high-
quality crystals with various shapes. It was confirmed by
tensile tests at high temperatures up to 1380 °C that Si crys-
tals can be plastically deformed above 600 °C.1 The tem-
perature dependence of the yield stress of Si crystals has
been reported, mainly from the viewpoint of the dynamical
behavior of dislocations.1–5 If plastically deformed Si crys-
tals of high quality to be used in preparing devices could be
freely obtained, completely new devices based on various
creative concepts could be actively developed in a wide
range of fields, and this was demonstrated preparing plasti-
cally deformed Si crystal lenses by Nakajimaet al.6 In this
letter, we report on the plastic deformation of Si crystal wa-
fers for the preparation of wave-shaped crystal wafers, and
on the characteristics of solar cells fabricated using the
wave-shaped Si wafers, in order to demonstrate whether or
not the shaped wafers are of high quality to be used in the
preparation of devices.
The possibility of the preparation of shaped Si wafers
was recognized during experiments involving the dipping-
type liquid phase epitaxial(LPE) growth of Si layers on Si
substrate. In our LPE method, Si wafers as substrate were
dipped into a supercooled Si melt below the melting point of
Si s1414 °Cd. However, sometimes the melt solidified before
the wafer was dipped into the melt, and the wafer unexpect-
edly collided with the solidified crystal. The temperature of
the wafer at the time of collision is not clear, but it is con-
sidered to be somewhat below the melting point of Si. The
movement speed at the time of collision was 2.7 mm/s, and
the overload of 200 N was applied at the cross section of the
wafer s0.6630.9 mm2d. Through these experiments, it was
found that Si wafers can be easily deformed below the melt-
ing point as shown in Fig. 1, and Si wafers with any curva-
ture can be easily obtained by the same process.7
The deformation region in which the wave-shaped wa-
fers can be obtained is determined by the relationship be-
tween the three parameters of temperature, thickness(area of
the cross section), and stress load. However, there are no
systematic and precise data, particularly from compressive
tests, which show the relationships among these parameters
for plastically shaping and completely breaking Si wafers.
To obtain wave-shaped Si wafers, graphite dies shown in
Fig. 2 were used. The diameter of the convex and concave
waves formed in the dies is 4 mm. A Si wafer was set be-
tween the upper and lower dies, then they were heated to
various temperatures below the melting point of Si
s1414 °Cd in a hydrogen atmosphere. The Si wafer was
pressed by an overload of 200 N at various temperatures.
The size of the wafers used is 25325 mm2, and the thick-
nesses were 0.33, 0.65, and 1.03 mm. The overpressure
charged inside the wave with the diameter of 4 mm is ap-
proximately 0.3 MPa. Figure 3 shows the thickness of the Si
wafers as a function of the temperature at which the wafers
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FIG. 1. A plastically deformed Si substrate wafer during the dipping-type
LPE growth.
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were pressed at the overload of 200 N. The double open
circles show the wafer thickness and the temperature at
which the Si wafers can be plastically deformed using the
wave-shaped dies. Thus, inside the region shown by the
double open circles, the wafers can be completely deformed,
and well-shaped wafers shown in Fig. 4 can be obtained. The
open circles show the wafer thickness and the temperature at
which the Si wafers were incompletely deformed using the
wave-shaped dies, and some of the deformed wafers were
partly cracked. The crosses show the thickness and the tem-
perature at which the wafers are completely cracked without
any plastic deformation. The triangles show the thickness
and the temperature at which the wafers are partly melted.
Figure 4 shows a well wave-shaped Si wafer made by plastic
deformation. The flat wafer was pressed at 1394 °C, and the
shaped wafer was not annealed. The diameter of the waves is
4 mm. The thickness is 0.33 mm, and the wafer size is 25
325 mm2. Such well shaped wafers can be easily obtained
by selecting the pressing conditions.
As the thickness increases, this region becomes drasti-
cally narrower, and higher temperatures are required for plas-
tic deformation. The wafers are incompletely deformed out-
side this region, or especially at the lower temperatures
outside this region, the wafers are completely cracked with-
out any plastic deformation. The wafers with the thickness of
0.65 mm cannot be completely deformed at the overload of
200 N. Higher overload may be required to obtain well
wave-shaped wafers with the thickness of 0.65 mm. The wa-
fer with the thickness of 0.33 mm is partly melted at
1408 °C by the pressing effect.
In order to confirm the quality of the plastically de-
formed Si crystal wafers, solar cells were prepared using
wave-shaped wafers pressed at 1100 and 1200 °C. The wa-
f rs are B dopedp-type Si single crystals with the resistivity
of 5–10V cm, and the thickness of the wafers is 0.33 mm.
The n+ layer of the solar cells was formed by rapid thermal
annealing at 950 °C for 30 min, after spinning coating of
phosphorus doped glass film on all the sample surface. An
indium tin oxide(ITO with 10 wt % SnO2) film was formed
as an antireflection film by sputtering. The backsurface field
contact was formed by printing the aluminum paste on the
back side of the sample and annealing at 760 °C for 70 s,
and the front finger contact was made by firing silver paste
through the ITO film at 760 °C for 80 s.
The characteristics of solar cells were measured at 25 °C
using a solar simulator system(YQ-250BX, JASCO Japan)
with the intensity of the irradiation beam light of
100 mW/cm2 (AM1.5). The irradiation beam light comes
from the perpendicular direction on the surface of the solar
cell wafer. Figure 5 shows the current densitysmA/cm2d as a
FIG. 2. Schematic drawings of the convex and concave graphite dies to
prepare wave-shaped Si crystal wafers.
FIG. 3. Thickness vs temperature region for obtaining
wave-shaped Si wafers by plastic deformation. The
double open circles show the wafer thickness and the
temperature at which the Si wafers can be plastically
deformed, and inside the region the wafers can be com-
pletely deformed and well shaped wafers can be
obtained.
FIG. 4. Wave-shaped Si wafer obtained by plastic deformation using the
pressing process at 1394 °C.
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function of voltagesVd of the wave-shaped solar cells using
the wafer pressed at 1200 °C. The wafer was annealed at
1209 °C for 1 h in a hydrogen atmosphere after the pressing
process. For the solar cell using the wafer pressed at
1200 °C shown in Fig. 5, the open voltagesVocd is
0.44–0.46 V, the short circuit photocurrentsJscd is
27.1–32.0 mA/cm2, the fill-factor(FF) is 0.57–0.58, and the
conversion efficiencyshd is 8.2% –10.1%. The inclination
angle of the beam light from the perpendicular axis is 0°,
20°, or 30°. The conversion efficiency is 10.1% at 0°, 9.0%
at 20°, and 8.2% at 30°. The efficiency decreases from
10.1% to 8.2% as the angle increases from 0° to 30°. So, the
efficiency decreases by 18.8%, but not significantly. For the
solar cell using the wafer pressed at 1100 °C and annealed at
1109 °C for 1 h in a hydrogen atmosphere, the open voltage
is 0.40 V, the short circuit photocurrent is 30.3 mA/cm2, the
fill-factor is 0.41, and the conversion efficiency is 5.0%.
The maximum conversion efficiency is 5.0% for the so-
lar cell pressed at 1100 °C, and it is 10.1% for the solar cell
pressed at 1200 °C. The shaped-wafer pressed at 1100 °C
contains considerably more defects than that pressed at
1200 °C does. The efficiency of a solar cell using a flat
wafer which was heated to 1100 °C is 12.1%. The same Si
single crystals and the same solar cell process were used for
both types of solar cell. Thus, it is evident that the quality of
the wave-shaped wafers is somewhat degraded compared
with that of the flat wafer without the pressing process. How-
ever, it is clarified that the wave-shaped wafers are of suffi-
ciently high quality to be used in the preparation of devices.
The efficiency of a solar cell using a wave-shaped wafer
which was pressed at 1340 °C and was not annealed at high
temperatures is only 2.6%. Thus, the quality of the wafer can
be significantly improved by suitable thermal treatments.
The contamination of the wafer surface from the heater
of the press furnace strongly affects the efficiency of the
shaped solar cells prepared in this work, because the present
press furnace was roughly made for the primitive work. Us-
ing an improved furnace whose heater is covered to prevent
the contamination, a much higher temperature such as
1300 °C can be used to prepare shaped wafers which have
little contamination and few dislocations. So, the efficiency
of the shaped solar cells will be drastically improved by pre-
venting the contamination of the wafer surface using such a
furnace. By the plastic deformation of Si wafers, the possi-
bility of solar cells of various shapes and types can be real-
ized. For example, streamline-shaped solar cells can be fab-
ricated, and streamlined solar cars may be constructed by
assembling the shaped solar cells. The application fields of
plastically deformed Si crystal wafers hold large potential.
The wave-shaped crystal wafers can be prepared by the
plastic deformation of Si crystal wafers. The deformation
region, in which the wave-shaped wafers can be obtained,
was determined by the relationship between the parameters
of temperature and thickness at the overload of 200 N. Inside
the region, the wafers can be completely deformed, and well-
shaped wafers can be obtained using the wave-shaped dies.
Solar cells were prepared using wave-shaped wafers pressed
at 1100 and 1200 °C, and annealed at high temperatures. The
conversion efficiency is 5.0% for the solar cell pressed at
1100 °C and 10.1% for the solar cell pressed at 1200 °C.
Thus, it is clarified that the wave-shaped wafers are of high
quality to be used in the preparation of devices. The quality
of the wafers can be significantly improved by suitable ther-
mal treatments.
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FIG. 5. Current densitysmA/cm2d as a function of voltagesVd of the wave-
shaped solar cell using the wafer pressed at 1200 °C. The wafer was an-
nealed at 1209 °C for 1 h in a hydrogen atmosphere after the pressing
process. The data are shown for the inclination angles of 0°, 20°, and 30°.
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